Insight into how molecular machines perform their biological functions depends on knowledge of the spatial organization of the components, their connectivity, geometry, and organizational hierarchy. However, these parameters are difficult to determine in multicomponent assemblies such as integrin-based focal adhesions (FAs). We have previously applied 3D superresolution fluorescence microscopy to probe the spatial organization of major FA components, observing a nanoscale stratification of proteins between integrins and the actin cytoskeleton. Here we combine superresolution imaging techniques with a protein engineering approach to investigate how such nanoscale architecture arises. We demonstrate that talin plays a key structural role in regulating the nanoscale architecture of FAs, akin to a molecular ruler. Talin diagonally spans the FA core, with its N terminus at the membrane and C terminus demarcating the FA/stress fiber interface. In contrast, vinculin is found to be dispensable for specification of FA nanoscale architecture. Recombinant analogs of talin with modified lengths recapitulated its polarized orientation but altered the FA/stress fiber interface in a linear manner, consistent with its modular structure, and implicating the integrin-talin-actin complex as the primary mechanical linkage in FAs. Talin was found to be ∼97 nm in length and oriented at ∼15°relative to the plasma membrane. Our results identify talin as the primary determinant of FA nanoscale organization and suggest how multiple cellular forces may be integrated at adhesion sites.
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superresolution microscopy | focal adhesions | talin | mechanobiology | nanoscale architecture C ell adhesion to the ECM is a highly coordinated process that involves ECM-specific recognition by integrin transmembrane receptors, and their aggregation with numerous cytoplasmic proteins into dense supramolecular complexes called focal adhesions (FAs) (1) . Actin stress fibers terminate at FAs where actomyosin contractility is transmitted to the ECM, generating traction (2) (3) (4) (5) . Mechanical tension impinging on each FA is implicated in key steps including the elongation, reinforcement, and maintenance of the FA structures (6) . FA mechanotransduction is a major aspect of cellular microenvironment sensing with wide-ranging consequences in physiological and pathological processes (7) (8) (9) (10) . However, molecular-scale spatial parameters that specify FA nanoscale organization have been difficult to access experimentally. Nevertheless, these are essential to understand how mechanosensitivity arises within such complex molecular machines (11) (12) (13) (14) (15) .
Previously 3D superresolution fluorescence microscopy has unveiled the nanoscale organization of major FA components, whereby a core region of ∼30 nm interposes between the integrin and the actin cytoskeleton along the vertical (z) axis (16) . The FA core consists of a membrane-proximal layer that contains signaling proteins such as FAK (focal adhesion kinase) and paxillin, an intermediate zone that contains force-transduction proteins such as talin and vinculin, and a stress fiber interfacial zone that contains actin-associated proteins such as VASP (vasodilatorstimulated protein) and α-actinin. Although such multilaminar architecture signifies a certain degree of compartmentalization within FAs that may serve to spatially constrain protein-protein interactions and dynamics, the structural connectivity, the molecular configuration and geometry of FA proteins, and the molecular basis of their higher-order organization remain unclear.
Proteomic and interactome analysis of the integrin adhesome have uncovered several direct and multitier connections between integrins and actin (17) (18) (19) (20) . This suggests that multiple highly interconnected protein-protein interactions could collectively selforganize into FA structures; such redundancy could also account for the remarkable mechanical robustness of FAs after cellular disruption or perturbation (21) . Alternatively, a specific FA component may play a dominant role in regulating FA architecture. Aspects of both scenarios may also act cooperatively or function at distinct stages of FA assembly and maturation. Superresolution microscopy of cells expressing fluorescent protein (FP)-tagged FA components has revealed that talin, a large cytoskeletal adaptor protein, adopts a highly polarized orientation in FAs (16) , with the N terminus residing in the membrane-proximal layer and the C terminus elevated by z ∼30 nm to the FA/stress fiber interfacial zone. This led us to hypothesize that an array of Significance Focal adhesions (FAs) mediate cell-extracellular matrix interactions and consist of integrin receptors linked to the actin cytoskeleton via multiprotein complexes organized into nanoscale strata. In this work, we sought to determine the molecular basis of FA nanostructure. Combining superresolution microscopy and protein engineering, we demonstrate the structural role of talin in regulating the nanoscale architecture of FAs. Talin specifies the dimension of the FA core, akin to a molecular ruler, in a remarkably modular manner. Our results define the molecular geometry of the integrin-talin-actin module that comprises the key mechanical linkage within FAs and elucidate how such interactions serve to integrate multiple cellular forces at adhesion sites.
integrin-talin-actin linkages may vertically span the FA core, serving a structural role in determining FA architecture (16) .
To test this hypothesis, we sought to perturb FAs by substituting endogenous talin with recombinant analogs having modified lengths. These were generated by retaining both the N-terminal FERM (band 4.1/Ezrin/Radixin/Moesin) and C-terminal THATCH (Talin/ HIP1R/Sla2p Actin-tethering C-terminal Homology, or R13) domains but with selective deletion of the multiple helical bundles within the central region of talin. By using a siRNA-mediated knockdown/rescue approach, we found that such talin analogs were able to support FA formation, clustering of activated integrins, and linkages to the actin cytoskeleton. By mapping the z-position of the FPs tagged at either the N or the C termini, we show that talin and its analogs are linearly extended and oriented in FAs, with their lengths regulating FA nanoscale organization. Chimeric-talin analogs with a 30-nm spacer insertion are also able to support FA assembly, facilitating the precise determination of talin geometry in FAs. Our results indicate that talin is oriented at 15°relative to the plasma membrane, measuring ∼97 nm end to end. FA nanoscale architecture in vinculin-null mouse embryonic fibroblasts (MEFs) retained its stratified organization and talin polarization similar to that in other cell types, suggesting that vinculin is dispensable for the specification of FA architecture. Our measurements demonstrate how the integrin-talin-actin module serves as the primary, and surprisingly modular, structural and tension-bearing core of FAs and geometrically define how such complexes could integrate multiple cellular forces at adhesion sites.
Results
Nanoscale Protein Stratification in FAs. Two highly homologous talin genes, talin1 (tln1) and talin2 (tln2), have been identified; loss of talin1 is embryonic-lethal, whereas talin2-null mice are viable and fertile (22, 23) . Nevertheless, both isoforms are expressed in most cell types (24) (Fig. S1 A-C), and talin2 is able to support FA assembly and cell spreading in talin1-null mouse fibroblasts (25) . To study the structural role of talin in FAs, we therefore chose primary human umbilical vein endothelial cells (HUVECs), which express only talin1 (26) (Fig. S1 A-C) . siRNA-mediated depletion of endogenous human talin1 results in impaired cell spreading and migration (Fig. S1 D-J) , as well as FA assembly defects, which can be rescued by coexpression of a mouse talin1 GFP fusion as described previously (25, 26) . The HUVEC platform thus allows substitution of endogenous talin1 with engineered talin constructs.
We first sought to characterize FA architecture in HUVECs. Previously we reported that the primary organization axis for FAs is along the vertical (z) dimension (16) . Here we used two techniques for the nanoscale measurement of FA protein z-positions. Interferometric photoactivated localization microscopy (iPALM) combines single-molecule localization for xy superresolution and multiphase interferometry for z superresolution, providing sub-20-nm resolution in 3D (27) (Fig. S2) . We also used a surface-generated structured illumination technique-variable incidence angle fluorescence interference contrast microscopy (VIA-FLIC) (28) or scanning angle interference microscopy (SAIM) (29)-which map the ensemble z-position of fluorophores with high speed and a larger field of view, albeit with a diffractionlimited resolution in xy (Fig. S3) . Although VIA-FLIC/SAIM are not true superresolving techniques per se, in that vertically overlapping objects are not resolved (28, 29) , FA proteins were shown to organize in distinct strata (16) . These are thin relative to the axial structured illumination pattern, and thus the z-position determined by VIA-FLIC/SAIM should closely correspond to the ensemble-averaged z-position of a given FA protein.
We cultured HUVEC cells expressing FP-tagged FA proteins on a fibronectin-coated thermal SiO 2 surface of silicon wafers for VIA-FLIC/SAIM or on fibronectin-coated fiducialed coverglasses for iPALM. In VIA-FLIC/SAIM analysis, the topographic map of z-positions are extracted pixel by pixel for FA regions. These z pixel values are offset by the average thickness of the fibronectin layer, which was determined to be ∼10 nm (Fig. S3) . We used the median z-position from each region of interest (ROI) to represent the FA protein z-position (z FA ). We verified that total z FA distributions are very similar to that of the total z pixel distribution, and thus should be representative of the FA protein z-positions. We observed a hierarchical organization of FA proteins along the z axis ( Fig. 1 A and  B) , similar to earlier measurements in other cell types (16) . Integrin α v cytoplasmic tail, FAK, and paxillin are located in close proximity to one another, forming a membrane proximal layer at ∼45 nm above the ECM, whereas actin regulatory or actin-associated FA proteins such as VASP, α-actinin, and zyxin are observed at higher z-positions, >70 nm. We next used iPALM to image the full-3D extent of actin organization (Fig. 1C) at the FA/stress fiber junctions (Fig. 1C) . The vertical profile of actin (histogram, Fig. 1C , Lower) peaks at z ∼80-120 nm, below which the actin density rapidly declines, signifying the interface between the FA core and actin stress fibers. At higher z values, actin seems to taper rapidly into densely bundled stress fibers. The onset of F-actin compaction at z ∼120 nm coincides with the z-position of α-actinin, (Fig. 1B) , consistent with its role in cross-linking F-actin (30) . The nanoscale precision of our imaging techniques enables us to selectively map the positions of different ends of a protein, allowing inference of molecular orientation (16) . Measurements of talin tagged with FP at the N terminus (Talin-N) or the C terminus (Talin-C) reveals median z-positions of 41.4 nm and 66.4 nm respectively, indicative of a polarized orientation. This was crossverified by iPALM imaging using talin tagged with a photoactivatable FP, tdEos (31) (Fig. 1 D and E) . The narrow z-position distributions of the N and C termini and their minimal mutual overlap confirm that most talin molecules adopt a highly polarized N-C orientation.
Because measurements of vinculin tagged at either termini also reveal a directional organization (Fig. 1B) , we further investigated the role of vinculin in FA architecture by mapping the positions of FA proteins in vinculin-null MEFs (32) . As shown in Fig. 2 , we observed a similar hierarchical organization of FA proteins along the z-dimension, with the N-C polarized orientation of talin that seems to span the FA core, linking with actin stress fibers. These results suggest that vinculin is dispensable for the stratified nanoscale architecture of FAs, consistent with previous studies documenting FA assembly and maturation in the absence of vinculin (33, 34) .
Probing the Structural Role of Talin by Recombinant Minitalin
Analogs. We next examined the hypothesis that talin may physically regulate FA architecture. The observed N-C polarization of talin ( Fig. 1 D and E) suggests that its N terminus is positioned via binding of the talin FERM domain to integrin β cytodomains, whereas the C terminus is upshifted in z-position via the THATCH domain interacting with F-actin. In this view, integrin-talin-actin modules are aligned into a parallel, oriented array that comprises the tension-bearing, structural core of FAs, around which other FA proteins are organized. To test this and to further define the physical and molecular basis of such organization, we asked whether full-length endogenous talin could be substituted with recombinant analogs with altered lengths, and whether such analogs modulate the nanostructure of FAs.
Earlier superresolution imaging results suggested that both the talin FERM and THATCH domains are capable of targeting to their respective nanoscale compartments in FAs (16) . We therefore created a series of recombinant mouse talin1 analogs that contain the FERM (residues 1-482) and THATCH (residues 2294-2541) domains but with selective deletion of the central talin rod domains. The talin rod region consists of 13 tandem α-helical bundles, forming a flexible chain of globular domains (Fig. S4A) . Recent structural studies suggest that individual domains of the talin rod are highly modular (35) , permitting us to generate "minitalins" analogs that vary in sequence from 29 to 58% of full-length talin. We refer to these by their nominal sequence lengths, e.g., T29 for the analog that contains 29% of the sequence of full-length talin (T100), and so on ( Fig. 3 A and B). To allow nanoscale mapping of their positions and orientations, the constructs were tagged with GFP (or spectral variant) at either the N or the C terminus.
We next tested whether the minitalins were able to support FA formation in place of endogenous human talin. HUVECs were cotransfected with a human talin1 siRNA and cDNAs encoding mouse minitalin FP fusions, cultured on fibronectin-coated substrates and imaged ∼96 h posttransfection to ensure optimal knockdown of endogenous talin1 (Fig. S1F) . A monoclonal antibody that recognizes hTalin1 but not mTalin1 was used to assess knockdown efficiency by immunofluorescence microscopy (Fig.  3C) . We observed that the minitalins rescued FA formation and colocalized with other FA proteins such as paxillin and activated integrins (Fig. 3C and Fig. S5A ), forming linkages to F-actin bundles (Fig. 3A) . GFP fluorescence was observed in FA-like clusters for all minitalins (Fig. 3C) . With the larger minitalins (T41-T58), cell spreading was well-supported relative to full-length talin (T100), whereas a substantial reduction in cell area was observed with the smaller T29 and T36 constructs (Fig. S5C) . Nevertheless, the latter still supported significant spreading compared with hTalin1 siRNA cells. Overall, these results indicate that the minitalins are able to support FA assembly, enabling further analysis of the nanoscale architecture of these modified FAs.
Nanoscale Organization of Minitalins in FAs. We next mapped the nanoscale z-positions of the N and C termini of the minitalins to characterize their organization in FAs (Fig. 4A) . The N termini of minitalins were observed at z ∼40 nm, similar to that of the fulllength talin (T100), indicating that their FERM domains remained in the membrane proximal layer (Fig. 4 B and D) . In contrast, their C-termini z-positions were observed to be significantly downshifted relative to T100 (z = 66.4 nm), ranging from z = 54.8 nm (T58) to z = 43.1 nm (T29) (Fig. 4 C and D and Fig. S6 ). We found that the sequence lengths of these talin analogs correlate linearly with the C-terminal z-positions (R = 0.95). Slight deviations were observed for some constructs such as T46. This likely reflects topological variations among the rod domains; the N and C termini of fourhelical bundles are in the cis configuration instead of trans in the case of five-helical bundles that comprise the majority of rod domains ( Fig. S4 B and C) . Thus, the end-to-end length of T46 (FERM-R1-R2-R3-THATCH) may be somewhat shorter than expected from its sequence length because the R2 and R3 domains are four-helical bundles.
We next sought to check whether the differences in the N-and C-termini z-positions observed above represent the intact talin molecule or that of N-and C-terminal talin fragments generated by calpain-mediated proteolysis in the linker between the FERM and rod domains (36) . We therefore introduced the calpain-resistant L432G mutation in the linker (36) and mapped the C-terminal z-positions of talin and minitalin constructs. The C terminus of T100/L432G was again found at an elevated z-position (z = 62.6 nm), confirming that this accurately reflects the polarized orientation of intact talin. Likewise, the C-termini z-positions of the L432G minitalins again exhibited a downward shift relative to that of T100/L432G (Fig. 4 E-G) . These scale linearly with the sequence lengths, with a slope similar to that of the original minitalin constructs (P = 0.404; SI Materials and Methods), but with a small but statistically significant downshift in z (Fig. 4G) . The slightly lower C-terminal z-positions due to the L432G mutation may reflect the reduction in calpain-mediated cellular contractility documented previously (37) . Consistent with this, the C-terminal z-position of wild-type T100 was similarly lowered upon pharmacological inhibition of calpain (z = 62.2 nm, Fig. S7 A and B) . Altogether, these measurements establish that talin and minitalins are highly polarized in FAs, with the N terminus in the membrane proximal layer, and the C terminus at elevated z-positions. These also demonstrate the structural continuity of talin, which is required for mechanical force transmission.
Probing Talin Geometry by Minitalin:FilaminA Chimeric Analogs. The linear scaling between the C-termini z-positions and construct lengths implicates a linearly extended configuration (SI Discussion) and suggests that these talin analogs may be oriented with a similar contact angle (θ Talin ) relative to the plasma membrane. Our measurements thus provide an opportunity to determine the contact angle of how talin connects integrin to actin, which is a critical parameter for cell-ECM force transmission. However, because the rod domains could unfold under physiological force, the end-to-end lengths of talin and their analogs can be variable (38) (39) (40) . To address this, we exploited the modularity of the talin rod to engineer in a "spacer" protein domain with a well-defined length. We chose the filaminA IgFLNa1-8 domains (residues 276-1061), because this Ig-like β-barrel chain has been shown to be monomeric, contains few binding sites for FA or actin-associated proteins, and to behave as a ∼30-nm linear elastic chain with a very high unfolding threshold of >60 pN (41, 42) . This segment was inserted in lieu of the deletions present in the minitalins (Fig.  5A and Fig. S4D) , and the resulting chimeric-talin constructs were named XT58, XT48, XT46, XT41, XT36, and XT29, in relation to their minitalin counterparts. As shown in Fig. 5 A-D , the chimerictalin analogs expressed properly, localized to FAs, and supported FA formation in HUVECs in lieu of endogenous talin.
Geometric Analysis of Integrin-Talin-Actin Contact Angle and Talin Extension. We next mapped the nanoscale organization of the chimeric-talins in FAs (Fig. 5 E and F and Fig. S7 ). As predicted, their C termini were observed at elevated z-positions relative to the corresponding minitalins. Furthermore, these also scale linearly with construct lengths, with a slope virtually identical to that of the minitalins (P = 0.888; SI Materials and Methods). This suggests that the chimeric-talins are oriented in a polarized fashion, and with a similar contact angle (θ Talin ) relative to the plasma membrane. Because the IgFLNa should behave as a freely jointed-chain segment, the lengths of the chimeric-talins are expected to be ∼30 nm longer than their minitalin counterparts (SI Discussion). Thus, the vertical offset of z = 7.4 nm between the chimeric-talin and minitalin regression lines can be used to calculate the talin contact angle, yielding θ Talin ∼15°. Sensitivity analysis suggests that this estimate is robust to within a few degrees given experimental uncertainties (SI Discussion).
Subsequently, the length of talin can be calculated, yielding ∼97 nm for full-length talin (T100) based on the N-and C-termini z-displacement of ∼25 nm (Fig. 4) . Interestingly, the length of talin/L432G corresponds to ∼81 nm (21 nm/sin 15°), in good agreement with the recent estimate of the end-to-end length of talin in which all domains are folded (35) . We surmise that the increased length of ∼16 nm observed in cells expressing wild-type talin could be due to their greater contractility relative to talin/L432G cells, which may lead to a partial unfolding of rod domains. These unfolded domains are likely the R2 or R3 four-helix bundles because they possess the lowest unfolding threshold (∼5 pN) (38) , although further experiments would be necessary to confirm this.
Modulation of FA Architecture. The coincidence of the talin C terminus with the onset of F-actin ( Fig. 1 B and C) suggests that talin may physically define the z-position of the FA/stress fiber interface, and thus FA architecture. Therefore, we next investigated how minitalins affect the nanoscale organization of other FA components. We used iPALM to examine the organization of F-actin (Figs. 1C and 6A) . In T100 cells, the sideview iPALM images (Figs. 1C and 6A ) revealed that the FA/stress fiber interface resides at z >70 nm. In contrast, in HUVECs expressing minitalins, we observed the downshift of such interfaces by ∼10-20 nm compared with T100 (Fig. 6A) . Owing to the variable shapes and relatively large sizes of stress fibers, we used (i) VASP, an actinbinding protein associated with F-actin barbed ends, to report on the FA/stress-fiber interface z-position (43) and (ii) F-actin, mapped using Alexa Fluor 568-phalloidin, to report the stress fiber core z-position. As expected, we observed downshifting of the z-positions of VASP FP-fusion coexpressed in the minitalin substituted cells (Figs. 6 B and C and 7A ), although we were unable to locate VASP-containing T29 cells, suggesting that the interaction necessary for VASP localization may be absent in this minitalin. Likewise, the stress fiber core z-positions also exhibit a downshifting trend (Fig. 7A and Fig. S7H ). To further characterize the relationship between talin length and FA nanostructure, we performed two-color nanoscale mapping experiments measuring the z-positions of F-actin and the talin C terminus. We observed a positive correlation between the talin C-terminal and F-actin z-positions at the pixel-to-pixel level (Fig. S7 C-E) . Altogether, these results are consistent with talin physical length serving to regulate the FA vertical dimension.
We note, however, that the slopes of the stress fiber core and FA/stress-fiber interface regression lines are relatively shallow compared with the talin C-termini regression lines (Fig. 7A) , suggesting that the structural effect of talin length on FA architecture may be partially counteracted by other factors. Talin contains about 11 potential vinculin binding sequences (VBSs) with a cluster of five VBSs in the R1-R3 domains, the remainder being distributed throughout the rod (24). We determined vinculin z-positions by mapping vinculin-mCherry (N-terminal tag) coexpressed together with talin1 siRNA and GFP-tagged talin analogs. Vinculin in minitalin cells was located at lower z-positions relative to T100 (Fig. S7 G and H) . We observed that vinculin in T58 cells was at an unusually lower z-position compared with the rest, implying that the VBS sites near the N terminus (likely the clusters of five VBSs in R1-R3 domains, Fig. S4A ) may be activated to a greater extent. However, owing to the multiplicity of vinculin binding partners in FAs, vinculin nanoscale organization is highly complex, as shown in a recent study describing a phospho-paxillindependent positioning mechanism (44) . Minitalin interactions with vinculin are perturbed by the deletion of various VBS (Fig. S4) . Thus, a further study characterizing the properties of each VBS will be needed to fully account for the observed vinculin positioning effects. Interestingly, with T58 considered as an outlier, the vinculin z-position regression line exhibits a slope similar to that of the stress-fiber core (Fig. S7H) , suggesting that although vinculin may not be required for FA nanoscale architecture (Fig. 2) , when present it may play a role in the integration of FAs with the actin cytoskeleton (44) .
We next further examined the physical geometry of force transmission in FAs by analyzing the iPALM sideview projection of F-actin (Fig. 7C) . We observed that the stress fibers approach FAs at a very shallow angle: The contact angle of F-actin at FA/stress fiber interfaces (θ SF ) seems to range between 2°and 6°for the distal and proximal end of FAs, respectively. The shallow θ SF angle compared with θ Talin (∼15°) indicates that contractility conveyed by the stress fiber is not colinearly transmitted to talin. Such an angular mismatch (Fig. 7D) implies that an additional counterbalancing force must be present to maintain force balance. With the assumption that force generation primarily occurs via stress-fiber-associated myosin II contractility, stress-fiber tension should have the greatest magnitude, and thus the counterbalancing tension at FA is expected to have a significant plasma membrane parallel component, as depicted in Fig. 7D .
Discussion
In this study we sought to establish the molecular basis of FA organization and how FA components are geometrically organized into force-transmission modules. We combined superresolution microscopy with a molecular engineering approach such that information on molecular conformation, connectivity, and geometry could be gleaned from the measurements. Our results support the hypothesis that talin serves a physical role in regulating FA architecture, effectively setting the scale for the FA core, akin to a molecular ruler. The robust modularity of talin enables the geometric organization of the integrin-talinactin module to be determined with high precision. This also provides empirical constraints suggesting that stress-fiber-borne actomyosin contractility and FA-borne tension may be mechanically coupled in a talin-geometry-dependent manner.
By defining the physical geometry of the integrin-talin-actin module, our measurements raise a number of interesting implications for both the force-mediated extension of FA proteins and how FA transmits force. First, we observed small but consistent and statistically significant elevation of the C-terminal z-positions of T100 and minitalin constructs containing the L432G calpain-resistant mutation compared with constructs lacking this mutation (Figs. 4 and 7A) . Similar results were obtained with calpain inhibitors (Fig. S7 A and B) . Based on our result of θ Talin ∼15°, the ∼81-nm length obtained for T100/L432G agrees remarkably well with the expected length of talin based on NMR and X-ray crystallographic studies of individual domains (∼80 nm), suggesting that talin/L432G is oriented in a polarized manner but with all domains compact, likely due to relatively low (<5 pN) tension. The T100/L432G mutation and calpain inhibitors have previously been shown to inhibit cellular contractility (37). In contrast, wild-type talin is ∼16 nm longer. This could be due to the force-induced unzipping of the R2-R3 four-helical bundles, which has been shown in vitro to occur at ∼5-7 pN; further experiments using R2-R3 stabilizing mutations (45) may help to verify this. Because calpain-mediated proteolysis of talin is required for FA turnover and the up-regulation of promigratory signaling pathways such as Src, the increased length of wild-type talin likely reflects a relatively higher talin tension resulting from greater contractility (36, 37, 46, 47) . In vitro force-extension experiments on talin rod domains allow this tension to be estimated, suggesting that wildtype talin sustains greater than 5 pN but less than 15 pN of tension, because another unfolding (hence lengthening) transition occurs at that level of force.
The modulation of FA architecture by talin analogs implicates the integrin-talin-actin module as the primary force-transmitting unit, and thus the geometrical orientation of this module is important for how FA transmits force to the ECM. MyosinII-generated tension conveyed through the stress fiber must be balanced by the equivalent amount of net tension (Newton's first law: All force vectors should sum to zero in an equilibrium). However, because we observed that talin does not align colinearly with the stress fiber, talin tension can only partially account for stress-fiber tension. This implicates the presence, at the talin-actin interface, of an additional tension vector with a significant membrane-parallel component (Fig. 7D) . Because vinculin bridges the talin rod to actin and bears tension, we surmise that vinculin cross-linking may account for such counterbalancing force at the level of individual integrin-talin-actin modules (48) . Collectively, the integration of such counterforces across numerous integrin-talin-actin modules in a given FA may then give rise to a membrane-parallel cortical tension. That is, the stress fiber may exert force on both the FA and the surrounding cortical cytoskeleton-the latter could be considered analogous to friction, a common parameter in biophysical models of FAs (14, 49) .
We note also that a similar force-balance situation may apply at the talin-integrin interface. The measured talin geometry suggests that talin is pulling on the integrin β cytodomain at 15°. Previous superresolution microscopy measurements indicated that the ECM-plasma membrane separation is 20-30 nm, comparable to the ∼20-nm crystallographic length of activated integrin ectodomain (16, 27, 50) . This suggests that the angle between the integrin tension and the talin tension is probably also mismatched, because otherwise an extension of integrin β ectodomain to >75 nm, that is, 20 nm/sin −1 (15°), would be required. Therefore, another membrane-parallel force vector, possibly the apparent membrane tension, is likely accounting for the force balance. In other words, talin may exert a pulling force on both the integrin and the surrounding plasma membrane. Consistent with this, a number of studies have documented how membrane tension may influence integrin-ECM interaction (51, 52) . An interesting possibility is that such in-plane tensions may influence other FAs in the vicinity, thus providing a degree of local mechanical coordination. We suggest this could be a possible molecular-mechanical basis for how FA force transmission to ECM may be interdependent on the integration of multiple cellular forces.
Several recent studies have focused on single integrin tension measurements at FAs, reporting a wide range of force magnitude, from a few piconewtons to >50 pN (52) (53) (54) (55) (56) . Although our experiments do not directly measure tension, the range of various forces can be estimated based on the measured geometry and in vitro talin force/extension data (38) . For example, given θ SF of 5°, and θ Talin of 15°, a 5-to 15-pN range of talin tension would correspond to a stress-fiber tension of 15-45 pN, and a membraneparallel tension of 10-30 pN, per each integrin-talin-actin module (SI Discussion). Assuming that integrin tension is due largely to talin-mediated force, our measurements would correspond to a single-integrin tension of ≤15 pN. Interestingly, this also implies that although a considerable tension is present in the stress fiber, it is significantly shunted away from the traction component and toward the membrane-parallel component by the talin-actin angle mismatch. Because talin contains a long flexible linker region (residues 401-481) that could act as a swiveling joint, a wide range of talin contact angles is likely possible during the course of FA maturation. We propose that variable talin geometry may differentially channel the actomyosin contraction force between the cortex and the ECM, and thus may help account for such a broad range of observed tensions (Fig. S8 and SI Discussion). For example, if talin is nearly colinear with the actin stress fiber, that is, θ Talin ∼ θ SF , the majority of the actomyosin contraction is expected to be channeled through talin. In particular, this may correspond to early cell spreading when large integrin tensions >50 pN have been implicated (52) . Such high tension would also lead to talin becoming significantly extended, consistent with the observation of talin molecules spanning >200 nm in cells (39) .
At a mechanical equilibrium, in addition to the force balance, torque balance is also required. Indeed, torque exertion by FAs has recently been documented by high-resolution 3D traction force microscopy (57) . Together with recent studies suggesting that FA traction force is spatially and temporally heterogeneous across a given FA structure, this would imply that talin geometry may be variable across FAs as well (54, 58) . Current limitations to our methods are that the z-position measurements correspond to ensemble-averaged values, that they represent a static snapshot, and that the majority of FAs are likely mature and stable FAs. Therefore, both intra-FA and inter-FA spatiotemporal heterogeneity may not be apparent. Whereas recent developments of cellmatrix tension biosensors have largely emphasized magnitude measurement, our analysis suggests that talin geometry would be an important quantity to probe simultaneously with tension, especially during different FA morphodynamic stages. Indeed, in an equilibrium of three force vectors, the measurement of two angles and one force magnitude will allow the calculation of all other force vectors by trigonometric identity (SI Discussion). Because the stress-fiber geometry should be relatively easy to estimate for cells on 2D substrate, these can simplify to one angle and one tension measurement. A number of strategies may be possible for the design of a single-molecule talin geometry reporter, such as a geometry-dependent FRET sensor (59) or by single-molecule localization of a pair of spectrally distinct FPs incorporated at welldefined sites within talin. Direct and simultaneous measurements of force and force-transmission structures in living cells will be instrumental in understanding how complex mechanosensitive responses originate in FAs.
Our study highlights the dominant structural role of talin in FAs, which contrasts with the dispensability of vinculin in specifying FA nanoscale organization. Nevertheless, vinculin has been shown to bear tension, playing important and complex roles in FA strengthening, stabilization, and actin retrograde flow engagement (44, 48, 60, 61) . Altogether this suggests a structural-mechanical model in which the integrin-talin-actin module serves as the constitutive structural component of the FA molecular clutch, whereas vinculin may function as a regulatable clutch element. In particular, although the integrin-talin-actin module may be structurally sufficient for force transmission, cross-linking interactions mediated by vinculin and/or other proteins could help modulate the geometry of force transmission and thus regulate how cell-generated force is apportioned toward or away from ECM traction. At the nanoscale, regulation of mechanical crosslinking between adjacent integrin-talin-actin modules may also introduce additional layers of cooperativity to allow complex regulatory control and adaptive behaviors such as durotaxis (58) . In conclusion, our measurements suggest a molecular basis for FA structural organization and cell mechanical functions and highlight the roles of molecular geometry, which should be measurable and testable in further live-cell studies.
Materials and Methods
Instrumentation. Three-dimensional superresolution microscopy of F-actin was performed on a custom-built iPALM instrument, using a 561-nm laser for the excitation of tdEosFP, or a 642-nm laser for the excitation of AlexaFluor 647 phalloidin. Transfected cells were located by low-intensity excitation from a 488-nm laser. A 405-nm laser was used for photoconversion of tdEos or photoswitching of AlexaFluor 647. The theoretical foundation, operational principles, construction, and alignment of iPALM have been described previously (62) . Topographic z mapping of protein position by surface-generated structured illumination techniques was performed on a Nikon Eclipse Ti inverted microscope (Nikon Instruments) equipped with a motorized TIRF illuminator, a 60× N.A. 1.49 Apo TIRF objective, a sCMOS camera (Orca Flash 4.0; Hamamatsu), and a fiber-coupled laser combiner (488 nm and 561 nm; Omicron Laserage). Fluorophore positions were measured using either a 488-nm laser (for mEmerald or EGFP) or a 561-nm laser for mApple, mCherry, or photo-converted mEos2. When needed, photoconversion of mEos2 was carried out using light-emitting diode excitation (SOLA; Lumencor) using the DAPI excitation filter set. A detailed description of the calibration, image reconstruction, and data analysis for both techniques is given in SI Materials and Methods.
Cell Culture and Sample Preparation. HUVECs (passage number <15) were cultured in a 5% CO 2 , 37°C humidified atmosphere in Medium 200 (M-200-500; Life Technologies) supplemented with large vessel endothelial factors (A14608-01; Life Technologies). siRNA-mediated knockdown of human Talin1 in HUVECs was performed as previously described (26) , using custom stealth RNAi siRNA duplexes (oligo sequence: 5′-CCAAGAACGGAAACCUGCCAGA-GUU-3′; Life Technologies). To transfect cells with expression vectors and/or siRNA, cells were trypsinized and electroporated using the Neon platform (Life Technologies). For imaging samples, cells were replated at a relatively sparse density of 7,000 per square centimeter on fibronectin-coated fiducialed coverglass, silicon wafers, or glass-bottom dishes (Iwaki) and imaged 16-20 h after replating. Expression vectors for FA protein fusions were described previously (16, 27) . Expression vectors for the recombinant talin analogs were created as detailed in SI Materials and Methods.
